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2. seminars to improve awareness among faculty and students regarding this research area, 3 . involvement of an external advisory board to gain a broader perspective on these topics, and 4. establishment of a graduate certificate program in Biomass Technologies at Kansas State University.
The progress toward meeting each of these targets and the programs accomplishments in these areas are described in detail in the Program Outcomes section that follows information on Taxpayer Benefits.
Taxpayer Benefits

From an Educational Perspective
Three of the students supported continue to be active in the area of biobased industrial materials and processes, with two having taken positions in related industries. Two have continued career paths related to related biological sciences: one is in medical school and the other is completing a Ph.D. program in medicinal chemistry.
A graduate certificate program in biomass technologies has been approved by the College of Engineering at Kansas State University and continues to move through the approval process at the University.
A secondary major at the undergraduate level in Biological Engineering has been approved by the College of Engineering and continues to move through the approval process at the University.
Collaboration between related programs at Kansas State University and Pittsburg State University has been enhanced. In addition, the possibility of jointly offering related courses in this area is being explored by several universities in the region.
From a Research Perspective
Laboratory facilities have been established to explore thermocatalytic conversion of biobased resources. These resources have been very valuable in initiating collaborative activity between research groups in biobased materials and in catalysis. This collaboration is ongoing.
In addition, the thermocatalytic research above has demonstrated different product selectivities when fatty acids undergo pyrolysis and catalytic reactions over acidic and basic oxide catalysts. Preliminary data indicate that alkanes and alkenes can be formed by the catalytic deoxygenation of fatty acids. This could provide a source of raw materials from biomass that is very compatible to those currently obtained from petrochemicals.
Fatty acids and their associate triglycerides have been shown by a number of researchers to be valuable precursors for polymer synthesis. In this activity centered at Pittsburg State University, new synthetic routes to polymer precursors based upon plant-based oils and fatty acids have been identified, and their utility in polymer synthesis demonstrated. Implementation of this aspect of biomass utilization becomes much more likely as the tools available to researchers increase in number and in diversity.
Successful implementation of biomass technologies will require a means to identify feasible processes and to evaluate of their profitability and sustainability. Studies in the application of process graphs to bioprocessing have been initiated. Second law analysis is being implemented as an alternative for quantifying and evaluating the sustainability among a variety of process options. The construction of a computerized database for second law analysis is essential to successfully implement this approach; such a database is currently under construction.
Program Outcomes
Graduate Research Programs Related to Biobased Industrial Products
as a bioprocessing engineer with Missouri Bio-Fuels, LLC (Bethel, MO). Tengyan Zhang continues as a research associate focusing on developing new design tools for bioprocessing.
Based upon the students above, the program was very successful in preparing professionals in careers related to biomass technologies. Without this funding mechanism, several of these students would not have had an exposure to these technologies and would not have had the opportunities to develop the skills need to pursue their current career paths.
Patents:
None
Overview of Results from Research Projects Supported:
Polymers from Biomass ... Polymers from Soybean Components The Kansas Polymer Research Center (KPRC) was the lead institution for this research effort under the leadership of Dr. Zoran Petrovic. For several years, the KPRC at Pittsburg State University has been successful in synthesizing a variety of novel monomers from soybean and other vegetable oils. These functionalized oils have been included in the formulation and processing of polyurethanes, unsaturated polyesters, and epoxies. All of the students supported at Pittsburg State University were involved in research projects focusing on chemical modification of soybean oils and their fatty acids, the utilization of these modified biobased materials in the synthesis of polymers, and the characterization of both the modified oils and the resulting polymers.
Polyurethanes were of most interest in this effort. The formation of polyurethanes from soybean oil and its fatty acids can occur via synthesis of polyols and of epoxidized species. Epoxidation, hydroxylation, and crosslinking at the double bonds in the vegetable oils were investigated as routes to synthesis of polyurethanes from vegetable oils (thesis by C. C. Lava). The kinetics of the epoxidation reactions was studied to optimize the conversion and selectivity to these intermediates. Hydroxylation of epoxidized soybean oils was studied as a route to polyol formation. The parameters for the reaction were studied in order to increase OH content and to minimize the by-products formed. The impact of the type of vegetable oil (soybean, corn, canola, sunflower, mid-oleic sunflower, and linseed) was studied. Polyols having similar compositions and functionality yielded polyurethanes which had similar properties (T g , swelling, thermal, and mechanical).
Fatty acid polyols were synthesized via transesterification involving methyl esters of hydroxyl fatty acids and ethylene glycol, diethanolamine, and triethanolamine (thesis by M. Lukic). The result was polyols having lower viscosities and higher reactivities. The polyurethanes prepared from these new starting materials had properties comparable with polyurethanes synthesized from triglyceride polyols.
Soybean oil intermediates were formed following reaction with chlorohydrin, formic acid, heteropolyacid, molecular oxygen, and phenol (thesis by S. Wan). The Prins reaction and enzymatic catalysis were investigated as well. Most of these procedures did not yield high OH numbers. The exception was a formic acid one-pot-multistep procedure, best conducted at room temperature. The best procedure for obtaining epoxidized soybean oil was involved enzymatic Epoxidation with an 85% conversion being possible. The addition of an aromatic ring onto the soybean oil chain was demonstrated as well.
K. H. Hong continued the studies on synthesis of phenolated soybean oil. Phenolated derivatives of soybean oil, metathesized soybean oil, and epoxidized soybean oil were obtained via Friedel-Crafts reactions. Complete conversion was reported for reaction times as little as 10 minutes. These phenolated oils were then reacted with hexamethylenetetramine to yield phenolic resins. The synthesis of an aliphatic-aromatic polyurethane was demonstrated as well.
Deoxygenated Hydrocarbons from Vegetable Oils
Drs. Schlup and Hohn (Department of Chemical Engineering, KSU) coordinated this research project. The research program was initiated to obtain long chain alkanes and alkenes through deoxygenation of fatty acids derived from biomass. The crops currently most applicable for use as fuel and petrochemical feedstocks are those which contain long chain hydrocarbons; i.e., plants containing molecules chemically similar to crude oil. These plant products could be substituted directly in the production of fuels and chemicals. Some investment in processing technology will be required to obtain hydrocarbon feedstocks from fatty acids; the utilization of the hydrocarbons produced, however, can rely on existing petrochemical technology.
The program objectives were two-fold: (1) to develop the capability to study thermocatalytic reactions related to bioprocess and (2) to demonstrate that capability with preliminary studies on the thermocatalytic conversion of fatty acids to alkanes and alkenes.
A Robinson-Mahoney stationary basket catalytic reactor was set-up to investigate catalytic deoxygenation of fatty acids to hydrocarbons. The experimental procedure and sampling techniques were successfully developed for low pressure operation. Oleic acid was selected as a model compound. Pyrolysis and catalysis over ZSM-5 and ZnO catalysts were studied. The reactor was operated at atmospheric pressure. While reaction temperatures between 200°C and 450° were investigated, the initial focus was on lower temperatures (200°C and 250°C) to facilitate data acquisition as familiarity was gained with the system. Overall conversion of the carboxylic acid functional group was monitored via disappearance of -COOH in the oleic acid. Gas chromatography was employed to monitor the products present in the both the gas and liquid phase products.
Light hydrocarbons gases, CO, and CO 2 , were the major products observed at the lower temperatures. Pyrolysis of oleic acid resulted in very low conversion. Products characteristic of cracking reactions were observed with ZSM-5 catalyst. The ZnO catalyst resulted in formation of a metallic soap via the fusion reaction; CO and CO 2 were formed in an oxygen free atmosphere indicating that deoxygenation had occurred as well. The presence of CO and CO 2 in the gas phase and the disappearance of the carboxylic acid group in the liquid phase indicated that catalytic decarboxylation occurred over both catalysts.
Intelligent Design of Bioprocessing
To identify process flowsheets which are feasible as well as superior in terms of their costs and sustainability is extremely difficult. Process graph (P-graph) theory has been shown to be a remarkably efficient and robust method that permits examination of numerous, diverse process schemes. Since August 2004, a postdoctoral student has been involved applying these concepts to intelligent design of bioprocesses. The particular emphasis of this preliminary research effort is to evaluate the thermodynamic efficiency of each such process system and to select superior ones by comparing their costs and their available energy (exergy) conservation efficiencies. The final ranking of the flowsheets can be accomplished by considering both the cost and the available energy efficiency, according to well-established methods for multiobjective optimization. The effort to date has focused on developing a computerized database so that the exergy analysis can be integrated with P-graph process design algorithms. This will provide a rigorous approach to the calculation of the sustainability of process alternatives. 
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